B-DNA becomes unstable under superhelical stress and is able to adopt a wide range of alternative conformations including strandseparated DNA and Z-DNA. Localized sequence-dependent structural transitions are important for the regulation of biological processes such as DNA replication and transcription. To directly probe the effect of sequence on structural transitions driven by torque, we have measured the torsional response of a panel of DNA sequences using single molecule assays that employ nanosphere rotational probes to achieve high torque resolution. The responses of Z-forming dðpGpCÞ n sequences match our predictions based on a theoretical treatment of cooperative transitions in helical polymers. "Bubble" templates containing 50-100 bp mismatch regions show cooperative structural transitions similar to B-DNA, although less torque is required to disrupt strand-strand interactions. Our mechanical measurements, including direct characterization of the torsional rigidity of strand-separated DNA, establish a framework for quantitative predictions of the complex torsional response of arbitrary sequences in their biological context. helix-coil transition | magnetic tweezers | nucleic acid | torque spectroscopy S tructural transitions of the DNA double helix are essential for accessing genomic information. Strand separation is required for the initiation of both transcription and replication, and it is favored by negative superhelical stress (1). The sequence dependence of stress-induced destabilization (2) has been hypothesized to affect the specific localization of replication initiation (3, 4) and the variable response of transcriptional promoters (5). Supercoiling can lead to either activation or repression of transcription, and promoter-specific responses are exploited by organisms that use supercoiling as a global regulator of changing transcriptional programs (6). In addition to strand separation, superhelical tension may also be released by the formation of Z-DNA, a left-handed double-helical structure (7, 8) . Propensity for each of these structural transitions is strongly sequence-dependent; Z-DNA formation is favored by GC repeats and more generally by alternation of purines and pyrimidines (9, 10).
B-DNA becomes unstable under superhelical stress and is able to adopt a wide range of alternative conformations including strandseparated DNA and Z-DNA. Localized sequence-dependent structural transitions are important for the regulation of biological processes such as DNA replication and transcription. To directly probe the effect of sequence on structural transitions driven by torque, we have measured the torsional response of a panel of DNA sequences using single molecule assays that employ nanosphere rotational probes to achieve high torque resolution. The responses of Z-forming dðpGpCÞ n sequences match our predictions based on a theoretical treatment of cooperative transitions in helical polymers. "Bubble" templates containing 50-100 bp mismatch regions show cooperative structural transitions similar to B-DNA, although less torque is required to disrupt strand-strand interactions. Our mechanical measurements, including direct characterization of the torsional rigidity of strand-separated DNA, establish a framework for quantitative predictions of the complex torsional response of arbitrary sequences in their biological context. helix-coil transition | magnetic tweezers | nucleic acid | torque spectroscopy S tructural transitions of the DNA double helix are essential for accessing genomic information. Strand separation is required for the initiation of both transcription and replication, and it is favored by negative superhelical stress (1) . The sequence dependence of stress-induced destabilization (2) has been hypothesized to affect the specific localization of replication initiation (3, 4) and the variable response of transcriptional promoters (5) . Supercoiling can lead to either activation or repression of transcription, and promoter-specific responses are exploited by organisms that use supercoiling as a global regulator of changing transcriptional programs (6) . In addition to strand separation, superhelical tension may also be released by the formation of Z-DNA, a left-handed double-helical structure (7, 8) . Propensity for each of these structural transitions is strongly sequence-dependent; Z-DNA formation is favored by GC repeats and more generally by alternation of purines and pyrimidines (9, 10) .
Bulk supercoiling and single molecule twisting experiments have been used to characterize the response of DNA to negative superhelical stress (4, 8, 9, 11) . In single stretched DNA molecules, B-DNA ceases to display linear torsional elasticity at a critical torque of approximately −10 pNnm, entering an apparent cooperative structural transition to an underwound form (11, 12) . This transition has been proposed to represent strand separation (13) , but it has been noted that other noncanonical structures such as Z-DNA may also be simultaneously populated in random sequences under negative torques (14, 15) . The critical torque may thus reflect a complex underlying response in which (for example) strand separation in AT-rich regions coexists with Z-DNA formation in GC repeats. Saturation of the underwinding transition leads to a net left-handed twist (14) (15) (16) , which may reflect an average property of multiple contributing states. The corresponding region of DNA phase space has been labeled "L-DNA" (16) solely to recognize this overall handedness. Torque measurements on homogeneous sequences are needed to dissect the distinct contributions of specific structural transitions to the overall response of heterogeneous DNA molecules.
Mechanical perturbations can be used to obtain detailed sequence-dependent structural, thermodynamic, and kinetic properties of nucleic acids (17) . Forces measured during unzipping of long double-stranded DNAs show clear sequence-dependent features that can largely be reproduced using calculations based on the primary sequence and assuming thermal equilibrium (18) ; recent measurements have been used to determine salt-dependent base pair free energies (19) . Unfolding of RNA and DNA hairpins has been extensively studied using force spectroscopy, and high-resolution optical trapping measurements of a panel of small DNA hairpins allowed the exploration of the full sequencedependent folding landscape of a nucleic acid (20) . Despite the natural utility of torque as an alternative perturbation to tension for double-helical nucleic acids, no detailed sequence-dependent torque spectroscopy studies have been completed to date.
The rotor bead tracking assay (11) was the first of a number of methods introduced over the past decade (11, 12, (21) (22) (23) (24) for measuring torque on single stretched DNA molecules. Torque is measured by observing the angular velocity of a submicron bead attached to the side of the DNA. This assay lacks versatility because of its baroque geometry and inability to impose fixed twist, and it has not been widely applied for torque measurements beyond its initial introduction. We have developed variants of the rotor bead tracking assay that overcome its original limitations, enabling routine torque spectroscopy of specific DNA sequences.
Here, we use our torque-measurement techniques to investigate specific states that can contribute to localized sequencedependent responses to negative supercoiling. We initially characterize a long random DNA sequence, establishing the sequence-averaged mechanical properties of torque-destabilized DNA. These properties are consistent with a mixed state, which we investigate further by analyzing a panel of different sequences of interest (SOIs) chosen to test individual structural transitions. GC repeats were chosen to investigate the B-Z transition. Mismatch sequences were chosen as low-stability substrates to investigate strand separation and characterize the mechanical properties of strand-separated DNA. The use of homogeneous simple repeat sequences facilitates meaningful comparisons of experiment with theory and allows us to extract thermodynamic and structural parameters for sequence-dependent transitions. All of the transitions we have investigated are well described by a single statistical mechanical model for cooperative structural transitions in polymers.
Results
Feedback Enhanced Rotor Bead Tracking Assay for Torque Measurements. We have investigated sequence-dependent structural transitions using an extension of the rotor bead tracking (RBT) assay (11, 25) that allows torque to be measured as a function of imposed twist (Fig. 1) . A single DNA molecule is stretched between a cover slip surface and a magnetic bead, while a second fluorescent "rotor" bead is attached to the side of the molecule (Fig. 1A) . The DNA attachment to the cover slip surface is unconstrained and acts as a swivel. The attachment to the magnetic bead is torsionally constrained so that twist can be introduced by rotating the magnets. The rotor will spin to relieve this twist, but a fixed twist condition can be imposed by rotating the magnets to counteract this relaxation, using a "twist clamp" feedback algorithm. The torque τ can be dynamically measured from the angular velocity of the rotor as in previous work (11) using τ ¼ ωγ r , where ω is the angular velocity of the rotor bead and γ r its rotational drag coefficient (Fig. 1B, Inset) . γ r is measured in situ for each rotor bead by analyzing Brownian fluctuations (see SI Text). In this work, we report torque-twist relationships obtained by linearly ramping the twist clamp setpoint up and down to sample twist values during unwinding and rewinding.
Structural Transitions and Elasticity of Random DNA. To test our dynamic torque measurement method and establish baseline torque-twist relationships for a random DNA sequence, we tested a perfectly complementary double-stranded DNA segment, absent of obvious special sequence features. In a plot of torque as a function of twist (Fig. 1B) , the nearly linear region around zero torque reflects the twist elasticity of B-DNA, from which we can extract the effective twist persistence length P t;eff . The constant-torque plateau (τ L ) at approximately −10 pNnm reflects the structural transition from B-form to L-form ( Fig. 1 B and C) . After saturating this transition, a second linear region reflects the twist elasticity of L-DNA ( Fig. 1 C and D) . Under positive torque, a force-dependent torque plateau (τ B ) reflects the plectonemic buckling transition of B-DNA. We observe a torque "overshoot" at the beginning of this buckling transition (Fig. 1B and Fig. S1 A and D) , which was previously inferred from indirect measurements (23, 26) .
Our baseline measurements are consistent with established values for the high-force limiting value of the twist persistence length P t;eff of DNA (approximately 100 nm or approximately 300 bp) (11, 12, 23) and the critical torque of the B-L transition (approximately −10 pNnm) (11, 12) and are summarized in supplementary Table S1 . We have further discovered ionic strength effects ( Fig. S1 B and C and Table S1 ), including a decrease in the critical torque for the B-L transition by approximately 15% at high ionic strength ( Fig. S1B and Table S1 ). This latter effect of salt is in the opposite direction from the expected result if the B-L transition consisted solely of strand separation.
Initiation of the B-L transition occurs at low twist densities near σ ¼ −0.02, reflecting local formation of alternative structures under supercoiling conditions that are biologically accessible. To measure the sequence-averaged mechanical properties of structures that form at the critical torque, the DNA molecule can be unwound through the entire torque plateau, so that no B-DNA remains ( Fig. 1 C and D) . Complete transformation of kilobase-scale DNA segments is unlikely to occur in biology, but knowledge of the overall helicity and rigidity of the resulting "L-DNA" places important constraints on any detailed model for sequence-dependent responses to negative supercoiling.
The length of the B-L plateau shows a difference in helicity of approximately 1.1 rad∕bp between B-DNA and L-DNA at the critical torque, agreeing with previous reports (11, (14) (15) (16) . We fit the linear region of L-DNA elasticity to obtain the torsional rigidity of L-DNA, which is 10-15 times softer than B-DNA ( Fig. 1D and Table S1 ). Extrapolating from this region, we obtain a difference in helicity between B-DNA and L-DNA at zero torque, Δθ 0;L ¼ 1 rad∕bp. L-DNA thus has the external properties of a left-handed structure, with an average extrapolated unstressed helical pitch of approximately 15 bp. The twist persistence length of L-DNA P t;eff ¼ 20-30 bp (Fig. 1D ) is substantially larger than previous estimates of a few bp for strandseparated DNA (27, 28) .
Our measurements of significant helicity and relatively high rigidity for L-DNA, together with a reduction in the coexistence torque at high ionic strength, are difficult to reconcile with a model in which L-DNA consists solely of strand-separated DNA. Our results are consistent with a model in which L-DNA consists of a mixture of strand-separated DNA and other noncanonical DNA structures, such as Z-DNA (11) . To directly investigate the energetics of the B-Z transition and the properties of strandseparated DNA, we investigated sequences that are expected to form Z-DNA or strand-separated DNA at low torques.
GC Tracts Form Z-DNA Under Mild Negative Torques. High salt conditions and negative torque induce Z-DNA formation in GC tracts (9, 29, 30) . To investigate Z-DNA formation, we used SOIs containing either a 50 bp or a 22 bp GC repeat. Torque-twist plots of Z50 and Z22 collected at 1.6 pN of tension show clear transitions to a second state upon application of negative torque ( Fig. 2A) . B-Z transitions for Z50 show a negative torque overshoot followed by a plateau. The coexistence plateau occurs at τ Z ¼ −3 pNnm in PBS. For the shorter Z22 construct, the plateau is absent and the torque-twist diagram resembles the twostate behavior seen in RNA hairpin unzipping experiments (17) . Under moderate or high salt conditions, the unwinding and rewinding curves show hysteresis, implying that B-Z transitions are not in equilibrium on the time scale of the experiment (Fig. 2 A and B) . However, the plateau and overshoot motifs are seen in both the unwinding and rewinding curves. In low salt, unwinding and rewinding curves are in close agreement (Fig. 2B) . Within the B-Z coexistence plateau region, torque-twist curves are reversible under all conditions. In subsequent analysis of the B-Z transition, we use rewinding curves as approximations for equilibrium torque-twist relationships.
Z-DNA formation is cooperative (9, 10, 30) , which may be explained by a high nucleation penalty due to the formation of unfavorable conformations at junctions between Z-DNA and B-DNA (10, 30, 31) . Once a nucleus of Z-DNA has been formed in a GC tract, it may be extended readily due to the small free energy difference between B-form and Z-form for d(pGpC). We fit the measured torque-twist relationships to a model for cooperative structural transitions in polymers ( Fig. 2 A and B and SI Text) to verify our physical understanding and extract structural, mechanical, and thermodynamic parameters for alternative structural forms. In this model, each basepair within the SOI can exist in one of two states with differences in free energy ðΔG 0 ) and twist (Δθ 0 ) as well as a change in compliance associated with the transition, accounting for differing twist persistence lengths. Cooperativity in the model arises because junctions between differing states are assessed a free energy penalty J. Fits to our model (see SI Text) reproduce the measured overshoot and plateau motifs (Fig. 2 A and B) and explain the torsional response of GC tracts: As negative twists are added to the DNA, negative torque initially accumulates linearly until a nucleus of Z-DNA is formed, upon which torque is partially relieved and the molecule enters a B-Z coexistence torque plateau, followed by a further linear accumulation of torque once the entire GC tract has been converted to Z-DNA (Fig. S2) .
Our fit values for ΔG 0 and J are close to bulk measurements for the B-Z transition in GC repeats (Table 1) . Z22 and Z50 display changes in helicity Δθ 0 ¼ −0.9 rad∕bp, which is smaller than the expected Δθ 0 ¼ −1.12 rad∕bp based on gel electrophoresis assays (10) and X-ray crystal structures of Z-DNA (7). A possible explanation for this discrepancy is the contribution of helical distortions at B/Z junctions, which are believed to be formed within the GC-repeat region and have been estimated to occupy approximately 3 bp (30). Junctions may also contribute additional compliance to the Z-state, explaining unexpected posttransition softening for Z50 (Fig. 2 and Table S2 ).
To mitigate the effect of B/Z junctions, we created new constructs incorporating 9-atom-long spacers within the phosphate backbone at all 3′ and 5′ ends of the Z22 GC tract (Fig. 2C) . The spacer-containing Z22sp constructs show increased changes in helicity as expected (Tab. 1) and also display reduced hysteresis (Fig. 2C) . A comparison of Z22 and Z22sp provides an independent test of our measurement of the domain wall penalty J. Unlike Z22, the Z22sp construct lacks B/Z junctions after complete conversion to Z-DNA, leading to a shift in the torque-twist curve as expected (Fig. 2C) .
A dramatic change in behavior is observed for B-Z transitions under high salt conditions of 1.8 M NaCl. We measure Δθ 0 ¼ −1.11 AE 0.02 rad∕bp, indistinguishable from previously measured values of −1.12 rad∕bp, and the coexistence plateau occurs at a very small negative torque of only −0.4 pNnm (Fig. 2 B and D and Table 1 ). The difference in compliance between B-and Z-states is also smaller than seen at lower ionic strength. The stiffness and Δθ 0 values are consistent with a model in which high salt mitigates any end effects due to B/Z junctions, in addition to stabilizing Z-DNA.
Positive Torque Induces a Structural Transition in poly(dT) Bubbles.
L-DNA has been proposed to be partially or entirely composed of strand-separated DNA, and thermodynamic models of supercoiling-induced strand separation depend on knowledge of the mechanical properties of strand-separated DNA. To investigate these properties, we tested the torsional response of DNA mismatch bubbles. SOIs created by inserting 100 dTs into both strands (T100) show a unique response (Fig. 3A) . Near zero torque, the slope of the torque-twist curve is shallower than for negative control DNA, indicating softening of poly(dT) by a factor of >10 relative to B-form (Table 1 and Table S2 ). When the molecules are overwound to a critical torque of approximately 8 pNnm, a reversible transition occurs to a second structural state. The changes in stiffness and helicity during this transition are tension-dependent, but in all cases the transition involves an extrapolated Δθ 0 > 0 and a decrease in rigidity (Table 1 , Fig. 3A and Table S2 ). This transition between distinct structural states within T100 suggests that there are weak but significant strandstrand interactions in the absence of torque, which are disrupted when torque is applied. Assuming that the high-energy softer state corresponds to strand-separated DNA, the positive values of Δθ 0 imply that the unstressed conformation of poly(dT)•poly(dT) is slightly left-handed. We fit the structural transition using the same general model as for B-Z transitions (Fig. 3A) , notably yielding a lower value for the boundary penalty J than is generally obtained for denaturation of matched duplexes (2, 27, 32) , and lower than we obtained for B-Z transitions (Table 1 and Table S2 ). The twist persistence length of strand-separated DNA inferred from these measurements is approximately 7 bp at 1.6 pN of tension.
Mismatch Bubbles form B-Like Helical Structure. Long stretches of mismatched DNA have been used to investigate in vitro DNA helicase loading. Mismatch bubbles of the type dðpGpApCpTÞ n • dðpGpApCpTÞ n serve as a synthetic origin of DNA replication and enable helicase loading, whereas canonical double-stranded DNA does not (33) . We have measured torque-twist curves for constructs containing 100 bp (Bub100) or 50 bp (Bub50) of mismatched DNA. In contrast to poly(dT) bubbles, torsionally relaxed GACT mismatch bubbles are not detectably softer than B-DNA. At low negative torques, Bub50 and Bub100 exhibit a reversible plateau corresponding to a structural transition (Fig. 3B) . The length of the plateau is proportional to the length of the mismatch, with Δθ 0 close to 1 rad∕bp (Table 1) . These measurements suggest a lowstability B-DNA-like structure for the mismatch inserts. The base pair geometry of GACT mismatch bubbles, in which pyrimidine bases oppose purines, may help conserve a Watson-Crick-like structure with a reduced number of hydrogen bonds in comparison with complementary B-DNA. From model fits, the change in free energy per base pair ΔG 0 for disrupting GACT mismatches is approximately 0.55 kcal∕mol, comparable to previous measurements based on van't Hoff analysis of single base pair mismatches in oligonucleotides (34) . In contrast to B-Z transitions in GC repeats, the critical torque for disruption of Bub100 is not significantly affected by increasing the ionic strength (Fig. 3C) .
To confirm the Bub100 signatures and further validate the twist clamp feedback assay, we repeated the measurements using an alternative variant of rotor bead tracking (Fig. S4) . In contrast to dynamic torque measurements based on the angular velocity of the rotor, this second approach uses a static experimental setup in which torque is quantified by measuring the SOI against a calibrated transducer DNA segment.
Discussion
Several assays have previously been described for measuring torque in single stretched DNA molecules (11, 12, (21) (22) (23) . All methods employ at least one microparticle as a handle for applying pN-scale tensions to the DNA using optical or magnetic forces. In most methods, this handle also serves as a rotational probe for determining the torque, employing soft torsional potentials generated by either magnetic fields (12, 21, 22) or polarized optical traps (23, 35) . For any torque measurement method, resolution is ultimately limited by the Brownian torque noise ð4k B Tγ r BÞ 1∕2 , where γ r is the rotational drag coefficient of the torque probe and B is the bandwidth of the measurement (22) . For a spherical probe, γ r scales with the cube of the radius, and so a reduction in probe size can dramatically improve torque resolution. If the rotational probe is also used as a handle for applying tension, its volume cannot be reduced arbitrarily without sacrificing accessible force ranges. Compromises between the conflicting requirements of torque probes and force handles have been a factor in the poor torque resolution of some previous methods, necessitating hours or even days (22) of noise-averaging data collection to determine torque-twist relationships.
Our methods based on the rotor bead tracking assay (11) avoid compromises by segregating the force handle from the torque Fits to model predictions (SI Text) were used to obtain changes in twist and free energy per bp, and the domain wall penalty J that accounts for the cooperativity of the transition. Buffers used were PBS, high salt (HS) and low salt (LS). Z22 and Z22sp show two-state behavior that is insufficient to simultaneously constrain J and ΔG 0 , so J was fixed to the value observed for Z50. *Held constant during fitting. Value based on Z50.
probe. The dynamic implementation relies on the viscous drag of the rotor bead and allows a direct torque measurement with similar performance to assays employing an angular optical trap and nanofabricated quartz cylinders (23, 24) : Using approximately 400 nm rotor beads, we measure torque to within approximately 1 pNnm by integrating over 3 s of data. For the static implementation (Fig. S4) , which relies on a calibrated molecular spring, there are no barriers in principle to using smaller rotational probes that could further improve the resolution by orders of magnitude. Neither assay relies on a micron-sized rotational probe (12, 21, 22) , allowing torque resolutions sufficient for routine sequencedependent torque spectroscopy. Unlike angular optical trap measurements (23), the torque measurements reported here do not include simultaneous high-resolution extension measurements, which may be incorporated in future improvements to the assays. In an additional tradeoff with competing methods, our assays based on rotor bead tracking (11) require specialized molecular constructs with three distinct attachment chemistries. These constructs are readily prepared using standard molecular biology techniques, as described in SI Text.
Accurate quantitative models of sequence-dependent structural transitions are needed to explain sophisticated cellular functions such as supercoiling-dependent regulation of gene expression profiles (5, 6) . In three divergent examples, we found that the behaviors of short regions of homogenous sequences were well described by a model for cooperative structural transitions in polymers, allowing the extraction of thermodynamic parameters relevant to sequence-dependent torsional responses (Fig. 4) . In addition to quantifying base pair stabilities, measurements of torque as a function of imposed twist allow sensitive determination of the cooperativity parameter J that arises from junctions between differing states (Fig. 4B) . We have also introduced an experimental strategy that rigorously challenges transition theory by changing the boundary conditions: Atomic spacers can be introduced at the edge of an SOI to create a boundary that thermodynamically approximates a free end but still permits the application of a torsional constraint. Finally, our analysis enables compliance measurements for soft high-energy states such as strand-separated DNA, providing an important (2, 27) but often poorly quantified parameter needed for predicting mechanical transitions. Our theory and methods establish a framework for understanding the torsional response of arbitrary sequences, which ultimately should be predictable from reductionist measurements on simple sequences such as those described here.
Z-DNA formation can have specific effects on both the initiation (36) and elongation (37) phases of transcription, and Zforming sequences may also act as efficient buffers to absorb changes in linking number without changing torque, avoiding perturbations of biological processes. The thermodynamic parameters of Z-DNA formation calculated from our measurements are in good agreement with previous measurements based on gel electrophoresis (10) ( Table 1 ). For B-Z transitions under moderate or high salt conditions, we observe hysteretic effects reflecting kinetic barriers to Z-DNA formation (Fig. 2) , consistent with bulk kinetics: at a constant supercoiling density of σ ¼ −0.05, the half time for the B-Z transition of dðGCÞ 16 was measured to be approximately 20 min (38) .
Duplexes with extended mismatch regions are intermediates in homologous DNA recombination (39, 40) and other hybridization-driven processes. Hybrid destabilization due to individual basepair mismatches has been extensively characterized (34) , but little is known about the structure of long mismatched stretches or the cooperativity of mismatched strand-strand interactions. Extended mismatches have been assumed to function as open bubbles in helicase loading experiments (33) . Our measurements of cooperative structural transitions in Bub50 and Bub100 change our physical understanding of these experiments: Rather than an open bubble, the DNA may form a region of weak double helix that requires energy input from protein binding to separate the strands.
Both of the mismatch sequences we investigated show a surprising degree of cooperative structure formation, but the two sequences also form strikingly different structures, shedding new light on the plasticity of double-stranded DNA. GACT bubbles seem to adopt a B-DNA-like structure (Fig. 3B) , while the properties of the poly(dT) bubble clearly diverge from B-form (Fig. 3A) . Hydrogen bonds within dT•dT base pairs have been observed in single dT•dT mismatches with NMR spectroscopy (41) and predicted based on a X-ray crystal structure of two stemloop DNAs (42) . Our results suggest that poly(dT)•poly(dT) forms a soft ladder-like structure with a slight left-handed helicity; interactions between the strands are disrupted under mild positive torques to form a second state that is even softer and presumably corresponds to strand-separated DNA. At 1.6 pN, the twist persistence length of this state is approximately 7 bp (Fig. 3A and Table S2 ), slightly larger than previous estimates of approximately 2 bp for strand-separated DNA (27, 28) .
Models of biological site-specific responses to supercoiling must account for the interplay between multiple available underwound structural forms (43) . For long random sequences, the single "B-DNA to L-DNA" plateau at −10 pNnm may obscure a complex underlying response, in which specific sequences preferentially undergo differing structural transitions. Our direct measurements of B-Z transitions underscore the ease with which high-propensity sequences can form Z-DNA in preference to strand separation, and we have measured properties of L-DNA that are difficult to reconcile with a model in which L-DNA consists of strand-separated DNA alone. L-DNA has a torsional persistence length significantly greater than either our estimates or previous estimates for strand-separated DNA, is stabilized rather than destabilized by high ionic strength, and is confirmed to be highly helical. These measurements are all consistent with a previous proposal (11, 16) in which L-DNA consists of a mixture of strand-separated DNA and noncanonical structures such as Z-DNA. In biological contexts, trans-acting factors can bias the equilibrium between available structural transitions, and it should be emphasized that stress-induced destabilization of the duplex (1) is important even when spontaneous strand separation is absent: Linking number deficits may be absorbed by stabilizing a bubble upon protein binding (44) or invasion of a homologous strand to form a D loop (45) , without ever forming an open bubble as a stable intermediate in this transaction.
Our measurements of the helicity and torsional rigidity of L-DNA are in good agreement with another study (46) that appeared while our manuscript was under review. This study also concluded that L-DNA has a low bending rigidity and used two different heterogeneous sequences to show that the mechanical properties of L-DNA can differ depending on sequence composition. All of these measurements are consistent with the "mixed state" hypothesis. Our measurements of mechanics and thermodynamics of short homogeneous sequences have begun to describe the sequencedependent folding landscape for superhelical double-stranded DNA. Application of our experimental and theoretical methods to a larger panel of DNA sequences will enable explorations of the full conformational range of DNA under torque and allow us to relate molecular properties to localized responses with functional roles in supercoiling-dependent regulation of replication, recombination, and transcription. The sequence-dependent torsional response of paired and mispaired duplexes is also of direct relevance to understanding and designing the mechanical behavior of DNA nanostructures. DNA nanotechnology has already benefited from mechanical models parameterized using previous single molecule measurements (47) . The high-resolution torque measurements techniques we have established may be adapted to mechanochemical studies of DNA-associated enzymes and are broadly applicable to mechanical investigations of multistranded biopolymers.
Methods
Detailed methods are described in SI Text. DNA molecules, beads, and flow cells were prepared using similar procedures to previous work (11) . The following three imaging buffers were used for rotor bead tracking experiments. PBS: 137 mM NaCl, 2.7 mM KCl, 0.5 mg∕mL BSA, 10 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 , pH 7.4. High salt: 1.8 M NaCl, 0.5 mg∕mL BSA, 50 mM Tris, pH 7.4. Low salt: 0.5 mg∕mL BSA, 10 mM Tris, pH 7.4. All buffers also contained 5 mM EDTA and an oxygen scavenging system. Rotor bead tracking experiments were performed on an inverted fluorescence microscope equipped with magnetic tweezers. Data analysis, models for fitting and statistics are described in SI Text.
